Maize (Zea mays L.) endosperm suspension cultures are a useful model system for studying biochemical and physiological events in developing maize endosperm. In this report, sugar uptake by the cultures is characterized. Uptake of '4C-labeled fructose and L-glucose was linear with time, while the rate of uptake of radioactivity from sucrose increased over a 120 min period. Both saturable and linear components of uptake were observed for fructose, glucose, sucrose, 1'-deoxy-1'-fluorosucrose, and maltose. Uptake of mannitol, sorbitol, and L-glucose took place at lower rates and was linear with concentration. Rates of incorporation of radioactivity from fructose and glucose exceeded that of sucrose at all concentrations tested. Kinetics of 1'-deoxy-1'-fluorosucrose uptake indicated that '4C from sucrose can be taken up by a saturable carrier of intact sucrose as well as by invertase hydrolysis and subsequent uptake of hexoses. Cell wall invertase was demonstrated histochemically. Further study of fructose uptake at a concentration at which the saturable component predominated revealed sensitivity to metabolic inhibitors, respiratory uncouplers, the nonpermeant sulfhydryl reagent p-chloromercuribenzenesulfonic acid, and nigericin. Uptake was not affected by valinomycin plus K' and was stimulated by fusicoccin. Fructose and glucose uptake was not pH-sensitive below pH 7.0, whereas uptake of radioactivity from sucrose and 1 '-deoxy-1 '-fluorosucrose declined as the pH was increased above 5.0. Fructose uptake was not completely inhibited by glucose and vice versa, suggesting the presence of specific carriers. These results indicate that maize endosperm suspension cultures (a) absorb fructose via a typical, energy-requiring, carrier-mediated proton cotransport system; (b) possess saturable carriers for glucose and sucrose; and (c) also absorb sucrose via hexose uptake after sucrose hydrolysis by extracellular invertase.
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Photosynthate enters the developing grain of maize (Zea mays L.) via the phloem in the form of sucrose (22) . The hydrolysis of sucrose to glucose and fructose, as well as the presence of invertase in the pedicel, has been established (6, 23, 25) . The presence of basal endosperm transfer cells suggests that sugars are taken up into the endosperm from the pedicel free space, and microautoradiography revealed symplastic sugar movement through the endosperm (7). Short-term experiments with excised kernels showed passive sugar uptake (10) , but neither sustained incorporation of external sugars into starch nor kernel growth has been shown with that experimental system. Although sucrose is hydrolyzed before or during uptake, this hydrolysis does not appear to be essential for sucrose movement into the endosperm (20) . Thus, the contribution of invertase to the transport process is uncertain, and the mechanism of sugar transport into intact endosperm and its possible regulation is unclear.
Stable suspension cultures derived from maize endosperm isolated 10 d after pollination have been used as a model system to study endosperm physiology and biochemistry (24) . The differentiation of the suspension culture cells into storage cells corresponding to the intact endosperm is evidenced by their ability to synthesize and accumulate starch (2) , zein (27) , and anthocyanins (19) . There are also ultrastructural similarities between the cultures and the intact parent tissue (8) . Endosperm suspension cultures generally are supplied with sucrose as the principal carbon source (24) , despite the fact that they grow about as well when supplied with glucose or fructose instead of sucrose (28) . This study was undertaken to characterize in detail sugar uptake by maize suspension cultures. The lack of susceptibility of the sucrose analog 1 '-deoxy-l '-fluorosucrose (FS') to invertase hydrolysis (12) was exploited to distinguish between uptake of intact sucrose and that of hexoses liberated by cell wall invertase. (2, 27) in that the tissue contained starch and zein (data not shown). Cultures increased from 3 to 16 g fresh weight during the culture period. All uptake experiments were conducted during the midlog phase of growth (6) (7) (8) Invertase Histochemistry. Tissue was rinsed in sugarless medium for 6 h, and then the medium was removed. Tissue was frozen at -70°C, thawed, rinsed with water, and the freeze-thawrinse cycle repeated twice. This procedure was necessary to remove all endogenous sugars, which interfere with the staining procedure. The reaction mixture, based on the glucose oxidase reaction, has been described previously (6 (Fig. 2A) . Uptake of 14C from sucrose and FS was also biphasic (Fig.2B) (Fig. 2A) . Uptake of 14C from sucrose and FS was also biphasic (Fig. 2B) , although the rate of 14C uptake for sucrose exceeded that for FS. Uptake of 14C from maltose showed a pattern similar to sucrose although the Vm.n was much lower (Fig. 2B) . L-Glucose, mannitol, and sorbitol uptake was linear with concentration over the range 0 to 300 mM (Fig. 2C) .
MATERIALS AND METHODS
Kinetic constants of the saturable components of glucose and fructose uptake were determined by subtracting the linear component (estimated by L-glucose uptake) from the biphasic uptake curves (16) and analyzing the resulting data by iterative curvefitting using nonlinear regression (9 were not calculated due to the superimposing effects of invertase kinetics. For FS, there was no basis for subtraction of the linear component contribution to total uptake because no nonhydrolyzable, 14C-labeled disaccharide was tested that exhibited only linear uptake kinetics.
Fructose uptake was not sensitive to changes in pH from pH 5.0 to 7.0, but decreased 35% from pH 7.0 to 8.0 (Fig. 3) . Glucose uptake showed a similar pattern. Uptake of "1C from sucrose and FS, however, decreased progressively from pH 5.0 to 8.0, with sucrose being more sensitive to pH than FS. The difference in the degree of pH sensitivity between sucrose and FS is consistent with the view that hydrolysis of sucrose by cell wall invertase is involved with sucrose absorption. The pH experiments were the only ones in which a buffer was included in the incubation medium. The pH ofthe unbuffered incubation medium during the course of a typical fructose uptake experiment (20 staining with FS as a substrate or with no substrate (Fig. 4) . Because of the extensive freeze-thaw-rinse pretreatment, any soluble, intracellular invertase would have leached out through the disrupted membranes. Thus, the staining observed was considered to represent cell wall bound invertase.
The effect of inhibitors, uncouplers, ionophores, and fusicoccin on fructose uptake was tested at a fructose concentration of 20 mm, at which level the saturable component comprised most of the uptake (Fig. 2A) . Fructose uptake was sensitive to the metabolic inhibitors NaN3 and HgCl2, as well as the metabolic uncouplers CCCP and DNP (Table I) . Inhibition of uptake was dependent on the inhibitor concentration. The nonpenetrating, sulfhydryl group modifier PCMBS inhibited fructose uptake up to 98% at 10 mm. Uptake was not inhibited by the K+-specific ionophore valinomycin, but was inhibited up to 32% by the K+/ H+ exchanging ionophore nigericin. Fructose uptake was increased 21 % by fusicoccin, a stimulator of H+ extrusion.
Inhibition of fructose uptake by glucose was noncompetitive (Fig. 5A) , as was inhibition of glucose uptake by fructose (Fig.  5B) (Fig. 5C) . Thus, the noncompetitive inhibition observed was probably due to indirect effects, and the lack of competitive inhibition is consistent with the hypothesis that separate carriers exist for fructose and glucose.
DISCUSSION
The absence of a lag phase for hexose uptake (Fig. 1) (15) . Linearity with time and the extrapolation through zero suggest that carryover of the incubation medium was negligible. The somewhat curvilinear time course of '4C uptake from sucrose ( Fig. 1 ) may have been due to extracellular invertase increasing the external hexose concentration and hence the net sugar uptake rate over time.
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The kinetics for uptake of radioactivity from fructose, D-and L-glucose, sucrose, FS, and maltose indicate both saturable and linear components for all of the sugars except L-glucose. The linear components, predominating at external sugar concentrations above 100 mm, are similar to those observed in many other systems and often interpreted as 'diffusion-like' (14, 29) . LGlucose uptake has been used to estimate the diffusion component of sucrose uptake by protoplasts derived from soybean cotyledons, and to distinguish it from another linear component which was nondiffusive (21) . The nature ofthe linear component was not determined in this study; however, it was noted that the slope of the linear component for monosaccharides was considerably higher than that for disaccharides (Fig. 2) . Maltose was included in the study for comparison with sucrose uptake. Maize endosperm suspension cultures secrete into the medium an array of vacuolar acid hydrolases, including a-glucosidase, which would cleave maltose to glucose (17) . The magnitude of the saturable component of maltose uptake was much lower than the difference between sucrose and FS uptake; thus it is likely that the maltose-degrading enzyme activity is lower than that of invertase. The observation that the slopes of the linear components of the monosaccharides tested are similar to each other and higher than the slopes ofthe disaccharides as a group suggests that it would be inappropnriate to use L-glucose uptake as an estimator of the linear component for disaccharide uptake. The results of the present studies are consistent with the previously demonstrated hydrolysis of sucrose in the growth medium of maize endosperm suspension cultures (2) . We have shown directly that cell wall invertase occurs in maize endosperm suspension cultures (Fig. 4) . Our results indicate that uptake of 14C from sucrose occurs both by uptake of intact sucrose by a plasma membrane carrier and by uptake of hexoses generated by extracellular invertase activity. FS has been shown to be a poor substrate for invertase (hydrolysis at 10 mm was less than 2% of that of sucrose) (12) , although it is recognized by sucrose synthase and by a membrane sucrose carrier in soybean cotyledons (12) . Therefore, we interpret the FS saturation curve as a better estimate of sucrose uptake kinetics than the sucrose curve, which represents sucrose uptake plus uptake of hexoses produced by invertase hydrolysis. Similarly, the differences in the pH curves between sucrose and FS may represent the contribution of invertase-catalyzed sucrose hydrolysis to sucrose uptake, since maize cell wall invertase has a pH optimum of 5.0 (6) . The linear component of FS uptake appeared slightly higher than that for uptake of "1C from sucrose or maltose ( Fig. 2A) (Fig. 2) suggests that a hexose-proton cotransport mechanism exists in the cultures. Another similarity between the observed hexose uptake and carrier-mediated sugar uptake described by others is sensitivity to PCMBS. This suggests that the carrier transporting fructose possesses essential external sulfhydryl groups which are modified by this nonpermeant sulfhydryl reagent.
The maize pedicel free space sugar concentration has been estimated to be in the 400 to 600 mm range (26) . It is reasonable to assume that hexoses comprise a major portion of that apoplastic pool in light of the distribution of sugars typically found there (1 1, 23) and the presence of cell wall invertase (6, 25) . Such high sugar levels in the vicinity of the basal endosperm cells would correspond to concentrations well into the linear phase of uptake observed in the cultures. However, the saturable components of sucrose, glucose, and fructose uptake contribute substantially to the rates of uptake at the higher concentrations, and therefore the carrier-mediated transport, although saturated at relatively low concentrations, is not insignificant.
Hydrolysis ofsucrose by suspension cultures has been observed in many species including carrots (4, 13, and references therein), but it does not necessarily follow that sucrose hydrolysis is required for uptake by the parent tissue (e.g. intact carrot discs) (3) . Examples of both hydrolysis and nonhydrolysis of sucrose during import by various sink tissues abound, and consequently no generalization can be made as to the rationale for hydrolysis in a particular system. It has been suggested recently by Daie et al. (4) , who studied sugar uptake by asparagus cells, that carriermediated sucrose transport may operate in concert with invertase secretion to regulate sucrose uptake.
The observations of sugar transport by maize endosperm suspension cultures can not necessarily be extrapolated directly to intact endosperm. It should be noted, however, that unlike many undifferentiated suspension cultures derived from other sources, maize endosperm cultures maintain in several respects a differentiated endosperm phenotype (as delineated in the introduction). They may also bear a resemblance in the sugar uptake mechanism. Specifically, if carrier-mediated uptake is shown to occur at the plasmalemma of intact maize endosperm cells, a corresponding carrier in the suspension culture cells may be similar enough to warrant the use of the cultures as a tool for the purification and characterization of the carrier.
